Variability in the production of fungal spores and in the measurement of spore yields was investigated in four species of fungi: Colletotrichum gloeosporioides, Colletotrichum coccodes, Colletotrichum phomoides, and Acremonium strictum. When the fungi were grown on solid medium in microplates and spore yields were measured by counting the subsamples with a hemacytometer, the variability among hemacytometer squares was always the largest source of variation, accounting for 51 to 91 % of the total variation. Variability among replicate cultures and results of repeat experiments were generally also significant. The effect of square-tosquare variability on the precision of spore yield measurement was minimized by counting a moderate number (ca. 30) of squares per culture. Culture-to-culture variability limited the practical precision of spore production measurements to a 95% confidence interval of approximately the -mean 25%. We provide guidelines for determining the number of replicate cultures required to attain this or other degrees of precision. Particle counter-derived spore counts and counts based on spore weights were much less variable than were hemacytometer counts, but they did not improve spore production estimates very much because of culture-to-culture variability. Results obtained by both of these methods differed from those obtained with a hemacytometer; particle counter measurements required a correction for spore pairs, while the relationship between spore weights and spore counts changed as the cultures aged.
The use of microorganisms as biological control agents is feasible only if reliable, economical means for producing inocula can be developed (2) . Fungal inocula for the biological control of insects and weeds are typically spores (2, 4) , and sporulation is controlled by many factors (9) . Large, complex experiments are often required to discover the optimal culture conditions for spore production (2) . In such experiments replication must be adequate to detect differences with magnitudes large enough for practical significance, yet excess replication or a nonoptimal distribution of replicates between stages of the experiment can consume large amounts of material and effort. Analysis of the variability contributed by each stage of spore production and measurement provides the information necessary to conduct an experiment with a sufficient number of replicates in the most efficient manner. There are many sources of variability in measurements of spore production. In addition to the variability resulting from the factor(s) being investigated, sporulation may be expected to differ from culture to culture, despite attempts to provide constant growing conditions. Most measurements of spore production include variability owing to differences among replicate cultures, and some include additional variability owing to differences among results of repeat experiments at different times. The process of counting spores also introduces variation, including that owing to differences among subsamples from a single culture and differences among microscope or counting cell fields. As is well known, counts made with a hemacytometer, for example, include variability owing to differences among results of individual ruled squares, sides of the hemacytometer, and replicate hemacytometer slides. More precise methods of counting, such as with a particle counter, can be used to lower the amount of variability; but increased counting precision has little effect * Corresponding author. t Present address: Department of Horticulture, Reading University, Reading, England.
on the precision of spore yield estimates if culture-to-culture variability is high.
We report here an analysis of sources of variation in fungal spore production and measurement in which we used Colletotrichum gloeosporioides, a fungus of considerable interest in the field of biological control (1) (2) (3) 11) , and three other fungi. The fungi were grown on microplates (8) , and spore production was assessed by counting the spores in a hemacytometer. The precision and accuracy of spore counts made with a hemacytometer were compared with those made with a particle counter and with spore number estimates derived from spore weights.
MATERIALS AND METHODS Fungi. C. gloeosporioides was originally isolated from a diseased Eurasian watermilfoil plant (Myriophyllum spicatum) and was stored on silica gel crystals (5) . Working cultures were maintained on potato glucose agar (12) at 25°C. Spores used for experimental inocula were obtained from 100-ml cultures grown in 20% V8 juice (Campbell Soup Co., Camden, N.J.) as described previously (8) . Spores were separated from mycelia by filtration through a double layer of cheesecloth, washed by repeated centrifugation, and suspended in sterile distilled water before use.
Isolates of Colletotrichum phomoides, Colletotrichum coccodes, and Acremonium strictum came from the culture collection of the Plant Pathology Department, University of Wisconsin-Madison, and were maintained between experiments on potato glucose agar at 25°C. Spore production was examined on a high-yield medium, since high-yield media must be used for the production of spores. V8 juice medium (20%) was previously determined to be the best of 11 common media tested for C. gloeosporioides spore production (8) , and 20% V8 juice solidified by the addition of 2% (wt/vol) agar was used as the growth medium for this fungus. For the other three fungi, a limited study of relative spore production and mycelium formation in common mycological media was conducted on microplates. Spores from 100-ml cultures grown in 20% V8 juice medium were used as inocula for the experiment to determine the best medium for each fungus, and those media were subsequently used. Of the six media used (20% V8 juice, 10% V8 juice, Czapek, Cooks no.
2 amended, potato glucose agar, and glucose-peptone; the compositions of the media have been described previously [8] ), growth on 20% V8 juice medium allowed the greatest spore yield by C. phomoides and A. strictum, and Czapek allowed the greatest spore yield by C. coccodes.
Hemacytometer counts. We counted spores in a hemacytometer (Reichert Brightline; Warner-Lambert Technologies Inc., Buffalo, N.Y.). For most measurements 10 hemacytometer squares (0.2 by 0.2 mm) were counted per slide, 5 from each side (12) . The spores of the fungi that we studied were easily wetted, and we routinely suspended them in distilled water for counting (7, 8) . We tested the effect of a wetting agent by suspending C. gloeosporioides conidia in either distilled water or a surfactant solution (0.01% Tween 80) and by counting four hemacytometer slides prepared with each. A comparison of the counts with and without Tween 80 revealed that the wetting agent did not significantly affect the mean spore count, the slide-to-slide variability, or the square-to-square variability within the hemacytometer.
Sources of variation. Sources of variation in the estimation of fungal spore production were evaluated by using fungi grown on 1-ml portions of solid medium in the wells of 24-well tissue culture plates (8) . A single experiment consisted of four replicate wells inoculated with 25-pld droplets of fresh spore suspension containing 104 conidia per ml. After 4 days of growth at 25°C, the cultures were harvested by removing the agar plugs from the plate and shaking them separately at 250 rpm for 18 h in 20-ml vials with 10 ml of distilled water and 25 ,ul of lactophenol. Four subsamples were taken from each vial, and the spore density in each subsample was measured by counting 10 squares per slide, as described above. The entire experiment was done 3 times for each fungus over a period of 1 month, each time with fresh medium and inoculum.
Analysis of variance was used to evaluate the magnitude and significance of potential sources of variability in spore yield. Each fungal species was analyzed separately in an analysis of variance that evaluated the variability attributable to differences among replicate experiments (experiment), among wells within a microplate in a single experiment (well), among subsamples of the spore suspension from a single well (subsample), between sides of the hemacytometer slide from a single subsample (hemacytometer side), and among squares on the hemacytometer within a single side (error). As implied by the preceding description, each factor was nested within the previous factor(s), and the analysis was performed by using a totally nested model (procedure Nested in SAS [6] ). Analyses of variance were performed on log-transformed data, because the variance of spore yield data tended to be proportional to the mean, and logarithmic transformations stabilize the variance in such cases (10) .
Particle counter measurements. Spore numbers measured by the hemacytometer slide method were compared with those measured with a particle counter. For each of three separate comparisons, a spore suspension of about 3 x 107/ml (approximately the spore carrying capacity of 20% V8 juice medium [7] ) was prepared, and two portions were diluted 1:50 in sterile, filtered (0.2-pum-pore-size membrane filter), 0.9% NaCI. Four subsamples from each diluted portion were counted in a hemacytometer as described above. The 1:50 dilutions were then diluted 1:50 again in saline and counted with a particle counter (ElectrozoneCelloscope; Particle Data Inc., Elmhurst, Ill.). Four 0.5-ml subsamples of each portion (diluted twice) were counted through a 76-pum-diameter aperture. One of the replicate dilutions from each comparison was then counted repeatedly with different upper and lower size threshold settings, to determine the size distribution of particles in the spore suspension. Threshold ranges were converted to volumes by using a calibration curve that was produced by counting standard latex spheres of various sizes supplied by the manufacturer.
Spore dry weight measurements. Spore dry weight measurements were compared with hemacytometer spore counts for C. gloeosporioides grown in liquid 20% V8 juice medium.
Fungus cultures were inoculated with 1 ml of a suspension containing 105 conidia per ml and were grown for 1, 2, 3, 4, 5, 6, 8, 12, or 16 days in 50 ml of medium at 25°C on a shaker at 250 rpm. On each harvest date, three cultures were sampled by vacuum filtration through a double layer of cheesecloth to remove the fungal mycelium. The filtered suspensions were washed three times by pelleting them at 12,100 x g for 10 min and suspending the pellets in 50 ml of distilled water. The pellet from the third wash was suspended in 50 ml of distilled water so that the spores in this pellet could be counted. One subsample from each suspension was counted with a hemacytometer. A total of 50 squares were counted, 25 from each side. The remaining spores were then collected by filtering the suspension through a tared, prewashed glass fiber filter (934AH; Reeve Angel, Clifton, N.J.). Spore weights were determined after the spores were dried for 2 days at 65°C.
RESULTS
Sources of variation. For all four fungi examined, the largest component of variability was that due to differences among individual hemacytometer squares, which accounted for 51 to 91% of the total variance (Table 1) . A large variability of this kind is normal for hemacytometer counts (8) . In no case was significant variability attributable to different subsamples or to the two sides of the hemacytometer. The importance of other sources of variability differed for the various fungi. Well-to-well differences were significant for C. coccodes, C. phomoides, and A. strictum and accounted for 3.7 to 8.8% of the total variance. We were surprised by the lack of significant well-to-well variation for C. gloeosporioides; and so we repeated the entire series of three experiments with this organism, but the well-to-well variability was, again, not a significant source of variation in the second series of experiments. Differences between replicate experiments (i.e., the three trials) were significant for C. gloeosporioides, C. coccodes, and A. strictum and accounted for 3.2, 11.6, and 43.2% of the total, respectively.
Particle counter measurements. Particle counter measurements of spore density were much less variable than those made with a hemacytometer. Standard errors for hemacytometer counts ranged from 4.1 to 9.3% of the count, while those for particle counter measurements were only 0.4 to 0.9% of the count. The densities measured by the two techniques did not agree. On average, counts made with the hemacytometer were 22% higher than those made with the particle counter, a difference which is significant at P = 0.05 in a paired-sample t test. Analysis of the size distribution of particles in the spore suspension revealed that the difference is probably attributable to the fact that the particle counter counted spore pairs as if they (Fig. 1) , and it showed a shoulder on the upper side of the main spore size peak at approximately twice the volume of single spores. We assumed that this shoulder represents pairs of spores and divided the single-spore distribution from that of spore pairs by reflecting the lower limit of the particle size distribution about the modal spore size (Fig. 1) . The area of the spore pair peak was 30% of the total distribution; thus, the count obtained with the particle counter must be multiplied by 1.3 to yield the number of individual spores in the suspension. When the counts obtained with the particle counter are multiplied by 1.3 , each count falls within the 95% confidence interval for the count of the same sample obtained with the hemacytometer. Attempts to reduce the number of spore pairs by adding a surfactant (Tween 80) to the spore suspension and vortexing the suspension for 30 s had no effect.
Spore dry weight measurements. The relative variability of spore weight measurements and spore counts obtained with the hemacytometer were assessed by calculating the coefficient of variation for the three replicate measurements made on each date. Spore weight measurements were more precise and had an average coefficient of variation of 14%, compared with a coefficient of variation of 27% for spore counts. The regression of spore counts on spore dry weight measurements was highly significant (P < 0.01) but had an r2 of only 0.36 (Fig. 2) . One reason for the weak relationship between spore counts and spore weights is that the mean weight of a single spore declined with the age of the culture, as revealed by a highly significant (P < 0.01) regression of the weight per spore on culture age (Fig. 3) .
Design implications. The number of replicate measurements needed to establish a spore yield with a given degree of certainty depended on the amount and partitioning of variability and on the desired degree of precision. Since well-to-well variability was significant for three of the four fungi that we examined, it was most logical to consider the Fig. 4 , but the curves would have similar shapes and relationships to one another. Figure 4 can be used to derive general recommendations about the allocation of effort to wells and counts.
Since hemacytometer counts are relatively quick and easy to make, sufficient squares should be counted so that further increases in the number of counts per microplate well would be expected to produce only a small decrease in Var(Y). In Fig. 4 , an increase in the number of squares counted per well from 10 to 20 or 30 produced a fairly sizeable decrease in Var(Y). Beyond 30 squares per well, there was little additional decrease. We therefore recommend that 30 hemacytometer squares be counted per well (or culture) and that the number of experimental wells (or cultures) be chosen to produce the desired degree of precision. At the densities of the spore suspensions used here, between 60 and 320 spores would be counted in 30 hemacytometer squares. Although neither subsamples nor hemacytometer halves had significant variance components, suggesting that the 30 counted squares could theoretically be distributed among hemacytometers in any way possible without affecting the results, it is strongly recommended that the traditional method (12) of counting 10 squares per hemacytometer, 5 from each side, be used. This has the advantage of offering safeguards against inadequate mixing, filling errors, or other unanticipated errors.
Assuming that 30 squares from each culture are counted, we estimated the half-width of the 95% confidence interval for different numbers of wells using the values of the error and well variances for the four fungi (Table 2 ). Since the analysis was performed on log-transformed values, the widths of these confidence intervals are on a logarithmic scale. We also calculated a factor M, which is the antilog of the confidence interval half-width. The logarithmic confidence interval corresponds to a range in untransformed spore yields from YIM to YM, where Y is the mean spore yield (calculated as the antilog of the mean of log-transformed yield values). For all fungi studied here except C. gloeosporioides, five or more replicate wells were required to produce a confidence interval of the mean + 25% (M = -1.25). In practice, this degree of precision is probably the maximum to be expected from spore yield measurements made with a hemacytometer, since substantially greater precision would require an unreasonably large number of replicate cultures. As the number of replicate experiments is decreased below five, spore yield measurements rapidly lose precision, until with only two replicate cultures M is 5 to 7 and the 95% confidence intervals for all fungi studied here except C. gloeosporioides encompass a range from one-fifth to oneseventh the mean up to 5 to 7 times the mean.
DISCUSSION
Quantification of the sources of experimental error in spore production measurements provided a basis for recommendations concerning the necessary degree of replication and the efficient allocation of effort for the replication of cultures versus that for repeated counts of each culture. Although in this study we emphasized fungal spore yields from cultures grown on solid medium in microplates, the approach could also be applied to other culture systems and organisms. If objects are randomly distributed, the counting of uncertainty is determined by the number of objects counted. In many cases, the counting variability in other systems would therefore be expected to be similar to what we observed, if a similar total number of objects (e.g., spores, bacterial cells) is counted. Culture-to-culture variability is likely to differ more than counting variability among culture systems and organisms. For example, spore production by C. gloeosporioides was considerably less variable than that by the other three fungi. C. gloeosporioides reaches an inoculum-independent maximum spore carrying capacity by 4 days on 20% V8 juice medium (7) , and it is therefore insensitive to variations in inoculum density or viability. Spore yields measured before such a spore carrying capacity is reached, as may have been the case for C. phomoides, C. coccodes, and A. strictum, would reflect any initial variability in the quantity or viability of the inoculum, as well as any differences in the growth rate of cultures.
Our recommendations assume that all replicate cultures are grown at the same time and from the same inoculum. In general, variability is significantly greater (as indicated by the significant variance component for experiments for all fungi except C. phomoides) if replicate experiments are conducted at different times, presumably because of small differences in cultural conditions, the medium composition, or the inoculum.
Precise measurements of spore density are much more readily made with a particle counter than with a hemacytometer. However, to ensure that these precise counts are also accurate, checks must be made for interference from nonspore particles in the same size range as spores and for the clumping of spores. The degree of clumping that we encountered necessitated a correction factor that was much larger than that expected from the coincidental passage of conidia through the aperture, which should have been <2% if the conidia were all separate. Also, our correction factor was only approximate and probably varied with culture age, as did the mean weight per spore. Other fungi likely have different correction factors, which must be determined for each species. Fungi such as A. strictum, which form spores in chains that are not easily dispersed, may produce much more variable particle size distributions than C. gloeosporioides.
When differences in spore production among cultures are substantial, as those for C. coccodes, C. phomoides, and A. strictum are, the much greater precision of spore density measurements obtained with a particle counter would do little to increase the precision of spore production measurements above that obtained by counting 30 hemacytometer squares per culture. For example, if the counting error were completely eliminated, the 95% confidence interval for the spore yield of five replicate cultures of A. strictum would be reduced from approximately the mean + 28% (M = 1.22; Table 2 ) to the mean + 22%.
Whether spores are counted with a hemacytometer or a particle counter, steps must be taken to ensure that spores are wetted sufficiently to produce a uniform spore suspension. The species that we studied formed slimy, wet spores which were easily suspended, even in distilled water. Some fungal species produce hydrophobic spores that are difficult to wet and may require considerable agitation in a wetting agent to be suspended.
The relatively weak correlation between spore weight measurements and spore counts for C. gloeosporioides makes each a poor estimator of the other. We found that the mean weight of a spore decreased with culture age, and it is likely that other factors also influenced spore weight. Finally, we point out that most procedures for measuring fungal spore yields make use of nested designs. In our discussion of design implications, hemacytometer counts were nested within wells, meaning that the counts were considered as subsamples from the well from which spore suspensions were obtained. Nesting must be recognized in order to identify the experimental unit on which comparisons should be based. Nesting also influences the efficient allocation of resources; e.g., since hemacytometer counts are nested within wells and well-to-well differences are large, increasing the number of hemacytometer squares counted to more than 30 per well would be expected to produce only a slight reduction in the uncertaigty of spore yield measurements. For these reasons, experiments on the production of fungal spores should be examined to identify nested designs and then should be analyzed accordingly. APPENDIX 1 The variance of the mean spore yield per well, Var(Y), is:
Var(V) = (l1nK)(ncrw2 + (re2) (Al) where n is the number of hemacytometer squares counted per well, K is the number of wells, aw2 is the variance component attributable to wells, and a e2 iS the variance component for error. In practice, aw2 and cre2 are unknown, but estimates of them are given in Table   1 .
APPENDIX 2
To calculate the variance of a spore yield estimate without calculating variance components, the measurements for each of the individual wells (or cultures) must first be averaged to produce a single spore yield estimate for each well. The variance of the mean spore yield for all replicate wells, Var(Y) is then:
Var(Y) = ac2IK (A2) where cr2 is the variance of the individual well spore yields, and K is the number of replicate wells. The subscript c on Uc2 denotes the combining of data across hemacytometer squares prior to variance calculation. Although it is calculated without explicit reference to variance components, this variance is the same as that specified in
